ABSTRACT: The phenomenon of heterosis has been exploited extensively in maize (Zea mays L.) breeding. The objective of this study was to evaluate the genetic potential of ten maize populations for ear yield following the diallel mating scheme. Six parental populations were obtained through phenotypic selection of openpollinated ears in Rio Verde, GO, Brazil, (GO populations) and four parental populations were synthesized in Piracicaba, SP, Brazil (GN populations): GO-D (DENTADO), GO-F (FLINT), GO-A (AMARELO), GO-B (BRANCO), GO-L (LONGO), GO-G (GROSSO), GN-01, GN-02, GN-03 and GN-04. Experiments were carried out in three environments: Anhembi (SP) and Rio Verde (GO) in 1998/99 (normal season crop) and Piracicaba (SP) in 1999 (off-season crop). All experiments were in completely randomized blocks with six replications. Analysis of variance grouped over environments showed high significance for heterosis and its components, although mid-parent heterosis and average heterosis were of low expression. The interaction treatments x environments was not significant. Total mid-parent heterosis effects ranged from de -4.3% to 17.3% with an average heterosis of 3.37%. Population with the highest yield (7.4 t ha -1 ) and with the highest effect of population (v i = 0.746) was GN-03, while the highest yielding cross was GO-B x GN-03 with 7,567 t ha -1 . The highest specific heterosis effect (s ii' = 0.547) was observed in the cross GO-B x GN-03. Key words: Zea mays, diallel cross, combining ability
INTRODUCTION
Basic knowledge on the genetic potential of base populations, either per se or in crosses, are important information in breeding programs for the development of outstanding cultivars. The diallel mating scheme has been widely used to provide information on the performance of parental populations and their heterotic pattern in crosses (Hallauer & Miranda Filho, 1995) . Diallel crosses also allow the identification of heterotic groups and the prediction of the performance of new populations (composites) derived from population crosses (Miranda Filho, 1974; Miranda Filho & Vencovsky, 1984; Miranda Filho & Chaves, 1991; Hallauer & Miranda Filho, 1995) .
The term heterosis was coined by Shull in 1912 (Shull, 1952 ; it is a quantitative measure of the superiority of a hybrid over its parents. It has been widely used in maize breeding programs for the identification of genetically divergent populations as base for the development of inbred lines to be used in hybrid crosses (Hallauer, 1990) . Hallauer & Miranda Filho (1995) reported that on a survey of 1394 variety crosses, the midparent heterosis varied from 4.2% to 72.0%, averaging 19.5%. High heterosis estimates have been observed for yield in crosses between races of maize. Paterniani & Lonnquist (1963) reported heterosis varying from -11.0% to 101.0% in crosses among 12 Brazilian races of maize. Wellhausen (1965) observed heterosis of the order of 64.0% in crosses between Mexican races. Paterniani (1968) also detected high heterosis expression, varying from 8.8% to 136.3% in interracial crosses. Relatively high heterosis expression was also reported by Castro et al. (1968) , Crossa et al. (1990a) and Paterniani (1980) , with average heterosis of 24.8%, 39.0%, and 18.6%, respectively.
Miranda Filho & Vencovsky (1984) estimated heterosis for yield in two sets of varieties; average heterosis was higher (23.5%) in set-I (seven short plant and narrow base populations) than in set-II (set-I plus two broad base composites named as FC-FLINT COMPOS-ITE and DC-DENT COMPOSITE), where the average heterosis was 16.7%. The cross FC x DC showed a small, negative heterosis of -0.5%.
The expression of heterosis depends on the level of dominance controlling the trait (Falconer & Mackay, 1996) . Therefore, grain yield in maize is expected to exhibit heterosis as a consequence of partial to complete dominance of genes controlling the trait (Hallauer & Miranda Filho, 1995) . On the other hand, the expression of heterosis also depends on the level of genetic divergence between parents; i.e., differences in allele frequencies are necessary for the expression of heterosis. For that reason, expression of heterosis is expected to be lower in crosses between broad base open-pollinated populations (Miranda Filho, 1999) . As a matter of fact, several reports on crosses between broad base populations have indicated a much lower expression of heterosis; average midparent heterosis of the order of 6.05%, 7.38%, 8.5% and 8.8% for yield in maize were reported by Beck et al. (1990) , Crossa et al. (1990b) , Vasal et al. (1992) , and Rezende & Souza Jr. (2000) , respectively. The present work aims to evaluate the expression of heterosis in crosses of ten open-pollinated and broad base populations, following the diallel mating scheme.
MATERIAL AND METHODS
Six broad base populations were developed through phenotypic selection of 52 open-pollinated ears from an experimental area with several and different experiments in Rio Verde (GO). The sample of 52 ears was divided in two groups: 27 flint type ears and 25 dent type ears; from the same set of 52 ears, two other samples were taken: 20 long ears and 17 thick ears; finally the set of 52 ears was again divided in two samples: 40 yellow endosperm ears and 12 ears segregating for white endosperm. The six samples were designated as: GO-D (DENTADO -dent type), GO-F (FLINT: flint type), GO-A (AMARELO -yellow endosperm), GO-B (BRANCO -white endosperm), GO-L (LONGO: long ears), GO-G (GROSSO -thick ears) (Silva, 2001) . The six GO populations were then recombined through hand pollination of plants within each population with a sample of pollen of the same population. Six samples of seeds representing each population were sown in isolated blocks under open pollination in Rio Verde (GO), which originated the six populations after two generations of recombination. The origin of the six populations, as described above, leads to the conclusion that pairs of populations (GO-D vs. GO-F, GO-L vs. GO.G, GO-B vs. GO-A) exhibit some level of genetic relationship because their original parental ears were pollinated with pollen of the same origin. On the other hand, the genetic relationship between populations of different pairs (e.g., GO-D and GO-L) may be higher because they may have some parental ears in common, which would result in a relationship from the female parent. The exact genetic parentage between pairs of populations could not be estimated on the basis of the available information.
Other four populations are composites obtained in the Department of Genetics (USP/ESALQ) by intercrossing open-pollinated populations of several origins which were designated: GN-01, GN-02, GN-03, and GN-04 (Nass & Miranda Filho, 1999) . The ten populations were crossed following the complete diallel mating scheme.
Parental populations (10) and their crosses (45) were evaluated in three environments: Anhembi, SP, Brazil (22º47'22"S, 48º07'38"W) and Rio Verde, GO, Brazil (17º47'53"S, 50º55'41"W) in 1998/99 (normal season crop) and Piracicaba, SP Brazil (22º43'31"S, 47º38'57"W) in 1999 (off-season crop). Trials were set in completely randomized blocks design (n = 6). The hybrid G-85 (Novartis Seeds) was used as check, intercalated after each ten plots in all replications. Plots consisted of double rows with 4 m and 20 plants per row after thinning. Fertilization and cultural practices were carried out according to recommendation for each environment. Several traits were measured but, for the purpose of this work, only ear yield was analyzed. The total ear weight in the plot was corrected for stand variation and adjustment was for each plot with expected stand of 40 plants per plot, following the procedure suggested by Miranda Filho, (op. cit. Vencovsky & Barriga, 1992 The analysis of the diallel table followed the model of Gardner & Eberhart (1966) :
e , where Y Y ii' represents the mean yield (over six replications) of a parent population (i = i') or a population cross (i < i'); m is the mean of all parental populations; v i or v i' are the variety or population effect; h is the average heterosis of all crosses; h i or h i' is the variety or population heterosis effect; s ii' is the specific heterosis effect; ' ii e is the error term associated with the observed mean; and θ = 0 for parental populations and θ = 1 for crosses.
RESULTS AND DISCUSSION
Means of ear yield for parental populations, population crosses and check are shown for the three environments (Table 1) . Large effects of environments were observed and check means were always larger than the diallel means; check means were 5.599 in Anhembi, 9.475 in Rio Verde and 7.733 t ha -1 in Piracicaba. The mean of the parental populations is an estimate of µ in the diallel model; estimates (μ ) were 4.934, 7.890 and 7.030 t, respectively, averaging 6.618 t ha -1 . Populations GN-04 and GN-03 had higher yield than the check in Anhembi and Piracicaba, respectively, but no population exceeded the check in the combined analysis over environments. Number of crosses that yielded more than the check were three (GO-L x GN-01, GO-B x GN-03 and GO-B x GN-04) in Anhembi (SP) and three (GO-L x GN-04, GO-B x GN-03 and GN-02 x GN-04) in Piracicaba (SP). No cross exceeded the check mean in Rio Verde (GO) and in the combined analysis in which the best two crosses (GO-B x GN-03 and GN-02 x GN-04) and parental population GN-03 yielded 99.5%, 98.0% and 96.9%, respectively, in relation to the check. Also, in the combined analysis, populations and crosses, on the average, yielded 87.1% and 90.3%, respectively, in relation to the hybrid check. The cross GN-03 x GN-04 ranked in the seventh position yielding 94.4% in relation to the check hybrid. Good performance of this cross was expected because its parental populations were synthesized using prediction procedures to develop an outstanding heterotic group (Nass & Miranda Filho, 1999) . Other outstanding crosses also involved GN-03 and GN-04 as parents. The difference between parents and crosses is an estimate of the average heterosis of all crosses, which varied from 2.9% to 4.9% over environments, averaging 3.7% (Table 1) . A preliminary analysis of variance with the original data (not shown) was performed for each environment to estimate the pooled error mean square, which was divided by the number of replications in the analysis following the diallel model with population means (Table 2 ). The average ear yield was 6.821 t ha -1 . Treatment x environment interaction was non-significant in the analysis of variance over environments. All other sources of variation were highly significant (P < 0.01). The mean square for the difference among populations was four times larger than for heterosis. Average heterosis seemed to be the most important component of the total heterosis and population heterosis presented a mean square 2.3 times greater than the specific heterosis. Miranda Filho & Vencovsky (1984) observed non significance for specific heterosis in a diallel cross among open pollinated varieties but the F value (F test) was similar to F value for specific heterosis herein obtained. Significance for specific combining ability, which has the same meaning as specific heterosis, also was reported by Crossa et al. (1987) , Crossa et al. (1990a) , Pandey et al. (1994) , and Pérez-Velásquez et al. (1995) .
The most promising populations, as based on their performance per se (v i effects) were GN-03 and GN-04, with estimates of 0.746 and 0.452, respectively (Table  3 .) The smallest estimate (-0.436) was for GO-B. Nass & Miranda Filho (1999) also observed the outstanding performance of the populations GN-03 and GN-04, indicating them to be used as base for intrapopulation recurrent selection. The authors also observed high genetic variability in both GN-03 and GN-04.
Combined ------------------------------------------------t ha -1 ------------------------------------------------
The significant effect of population heterosis (h i ) is a consequence of the genetic divergence of each population with the whole set of populations. The most heterotic populations were GN-01 (0.263) and GO-B (0.221); and the most negative estimate (-0.230) was for GO-G. General combining ability (g i ) is a function of both v i and h i , and varied from -0.220 (GO-G) to 0.269 (GN-02) ; the next higher g i estimates are 0.171 (GN-04) and 0.151 (GN-03), which result from their high v i estimates since h i estimates are negative for both GN-03 and GN-04.
Specific heterosis effects varied from -0.321 (GN-01 x GN-03) to 0.547 (GO-B x GN-03). Despite the apparently low importance of specific heterosis as source of variation, their effects can contribute expressively to the performance of outstanding crosses. Hoegemeyer & Hallauer (1976) found that specifically mated crosses (diagonal in their 4 x 4 mating scheme) yielded more than nonspecific crosses, indiating that specific combining ability (s ij ) effects were positive for most of these crosses, thus indicating that s ij may contribute to increase the yield of the outstanding hybrids. Stangland et al. (1983) also found highly significant s ij effects, varying from -0.88 to 1.05 t ha -1 , in crosses involving S 2 lines from four different populations. Martins & Miranda Filho (1997) evaluated 120 single crosses between inbred lines from two brachytic type populations and showed that amongst ten highest yielding crosses, nine had positive specific combining ability, varying from 0.060 t ha -1 to 0.416 t ha -1 , representing 1.6% and 10.4% of the respective hybrid mean. Our results (Table 4) indicate specific heterosis (s ii' ) varying from -0.321 to 0.547 t ha -1 ; among the ten highest yielding crosses, seven had positive s ii' in the range of 0.084 to 0.547 t ha -1 , representing 1.2% to 7.2% of the respective hybrid mean. The highest yielding cross (GO-B x GN-03) had also the highest estimate of s ii' . The total mid-parent heterosis expressed in population crosses (Table 4) varied from -2.8% (GO-G x GO-F) to 17.27% (GO-L x GN-01), with average heterosis of 0.248 t ha -1 or 3.75%. Most crosses exhibited heterosis lower than 10%, following a similar pattern observed by Paterniani (1980) , Beck et al. (1990) , Crossa et al. (1990b) , Vasal et al. (1992) , and Rezende & Souza Jr. (2000) , who found heterosis expression of intermediate to low magnitude. High heterosis expression is not expected in crosses between broad base and panmitic populations such as pools, synthetics and composites where most of the loci controlling the trait, have intermediate allele frequencies with low proportion of fixed alleles at frequencies 0 or 1 (Miranda Filho, 1999) . Therefore, since heterosis is a function of the difference between allele frequencies, most loci contribute little for the heterosis expression even under a high expression of dominant gene action. On the other hand, some authors (Paterniani & Lonnquist, 1963; Wellhausen, 1965; Paterniani, 1968; Castro et al., 1968; Crossa et al., 1990a) have found high expression of heterosis in crosses, mainly when dealing with old races that have been maintained through small population size during many years. In fact, in populations with such a structure, many loci have fixed alleles or highly contrasting allele frequencies, thus contributing to a high expression of heterosis. Such an effect also happens when the parental population is submitted to some level of inbreeding and the inbreeding depression is recovered in the cross . Miranda Filho (1999) considered that the cross between two non-inbred populations exhibit an heterosis symbolized by h 0 . When crossing two inbred populations with an average inbreeding depression of I , then the observed heterosis is h I = h 0 + I . When dealing with broad base populations in equilibrium, heterosis without inbreeding (h 0 ) should be not more than 20% in most of cases.
